A theoretical description of photoacoustic spectroscopy generated by wavelength modulation of a semiconductor laser source is reported for a Lorentzian absorption line. This model describes the first-and second-harmonic photoacoustic signals produced by a current-modulated semiconductor laser. Combined intensity-and wavelength-modulation is considered with arbitrary phase shift. Experimental results obtained when probing a CO 2 absorption line with a 2-lm distributed feedback laser are presented and validate the relevance of the reported model.
Introduction
Infrared tunable lasers constitute ideal light sources for trace gas spectroscopy due to their unique combination of excellent spectroscopic and technical properties, such as narrow linewidth, tunability, compactness, long lifetime or room-temperature operation. They are composed of near-infrared (NIR) InGaAsP-based semiconductor laser diodes initially developed for the optical telecommunication market (k < 2 lm), antimonide-based laser diodes in the 2-3 lm range and quantum cascade lasers (QCL) in the mid-infrared (k > 4 lm). All these types of infrared lasers may be fabricated with a distributed feedback (DFB) structure, enabling to get singlemode emission, continuously tunable over several wavenumbers. Narrow-linewidth and broadly tunable external cavity diode laser (ECDL) in the NIR wavelength range are other suitable sources for high-resolution gas spectroscopy, whereas the gap in primary laser sources in the 3-4 lm range may be overcome by generating optical radiation by non-linear methods, such as difference frequency generation (DFG), optical parametric oscillation (OPO) or optical parametric generation/ amplification (OPG/OPA). Singlemode emission is essential to achieve high selectivity in gas sensing. Tunability enables precise adjustment of the laser emission on an absorption line of the target species, which is necessary for high sensitivity detection. Semiconductor lasers can also be easily and rapidly modulated, through a modulation of their injection current. Laser modulation capability is a key issue for high sensitivity gas detection and many of the most performant techniques for trace gas monitoring make use of laser modulation for efficient noise reduction and high sensitivity detection. This is for example the case in wavelength modulation spectroscopy (WMS) [1] , frequency modulation spectroscopy (FMS) [2] and two-tone FMS [3] , which use different modulation/demodulation schemes in order to reject the large offset in the DC-coupled optical transmission signal, or photoacoustic (PA) spectroscopy (PAS) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , which measures the optical energy absorbed in the sample.
In a semiconductor laser, modulation of the injection current results in simultaneous modulation of the optical power (intensity modulation-IM) and of the laser frequency (wavelength or frequency modulation-WM/FM 1 ). WMS/FMS techniques take advantage of the WM/FM properties of the laser in order to generate an offset-free derivative signal of the sample transmission. In that case, IM generally acts as a residual undesirable effect that distorts the signals. The situation is radically different for PAS. This technique is also based on the absorption of a modulated laser radiation by the molecules of the target species, but it directly responds to the energy absorbed in the sample and not to the transmitted energy. Therefore, it is intrinsically a zero-background technique. The absorbed optical energy is measured through an acoustic wave induced by periodic thermal expansion of the sample, resulting from periodic light absorption. This may be produced either through IM or WM of the laser radiation. The amplitude of this acoustic wave, measured using a sensitive miniature microphone, is directly proportional to the gas concentration. As PA signal is also directly proportional to the laser power, this technique has been primarily implemented using high power mid-infrared gas lasers (mainly CO 2 lasers), in order to achieve extreme detection limits in the ppb range [4] [5] [6] . In that case, IM has been naturally used, either using an external modulation (mechanical chopper), or with direct modulation of a RF-excited CO 2 laser. The theoretical description of the generation and detection of the PA signal, which has been given in detail by several authors [7] [8] [9] , is well adapted to this situation, as it usually considers IM as an excitation source for the generation of the PA signal.
However, application of PAS using semiconductor lasers has increased in the recent years for three main reasons: (i) the improvement of the emission power of telecom-type NIR DFB lasers, which can deliver up to several tens of mW; (ii) the availability of NIR fibre amplifiers, capable of amplifying laser radiation by 20-30 dB, thus achieving amplified power in the range of 1 W and therefore improving the PAS sensitivity by 2-3 orders of magnitude [10, 11] ; (iii) the improvement of the characteristics of QCL in the MIR range, which have also demonstrated to be suitable light sources for PAS [12] [13] [14] . Similarly to gas lasers, semiconductor lasers may be intensity-modulated to generate a PA signal. This may be accomplished either using a mechanical chopper or, more generally, by directly switching on and off the laser injection current. But these lasers also offer the possibility to be wavelengthmodulated, by modulating their injection current with a reduced amplitude in order to tune the laser on-line and off-line. Such a modulation scheme may give some advantages in certain conditions. For example, window noise and wall noise are efficiently suppressed for WM and harmonic detection [15] . WM may also be slightly more efficient than IM in the generation of the PA signal [16] . The theory of WMS (in the standard case of optical detection) is well documented in the literature. The first models, presented by Arndt [17] , Reid and Labrie [18] , or Supplee et al. [19] , only treated the case of pure WM. Later, more complete models taking into account simultaneous WM and IM were presented by Philippe and Hanson [20] , then Kluczynski et al. In a series of papers [21] [22] [23] [24] , these authors developed a complete theory of WMS based on Fourier decomposition. More recently, we also developed an analytical expression of WMS harmonic signals in the particular case of a Lorentzian lineshape, but for the general situation of combined IM-FM with arbitrary phase shift [25] . PAS in combination with WM has already been discussed in the literature [10, [26] [27] [28] [29] [30] , but mainly in the experimental point of view and explicit mathematical theory of WM-induced PAS (WM-PAS) has not been given. Even if this situation presents some similarities with standard WMS, there is however an important distinction due to the fundamental difference in the techniques, i.e. WMS responds to the light transmitted through the analyzed sample, whereas PAS is sensitive to the absorbed energy. A general theory of WM-PAS is necessary in order to have a better understanding of this technique and to enable precise optimization of the modulation parameters. We report here a theoretical analytical description of WM-PAS that also takes into account the laser residual amplitude modulation arising when modulating the injection current in a semiconductor laser. Our description is based on the analytical model of WMS we previously developed in the case of a Lorentzian absorption line [25] . This model was a generalization of ArndtÕs theory [17] , extended to the general case of simultaneous IM-FM with arbitrary phase shift.
Although the analytical WM-PAS model presented here applies to Lorentzian lineshapes only, it remains quite general, as most of the application of PAS concern gas monitoring in standard environmental conditions, i.e., at ambient temperature and atmospheric pressure. In such conditions, the general Voigt lineshape is properly approximated by a Lorentzian profile and our model thus properly applies to the case of PA trace gas detection at atmospheric pressure. The results of this theoretical model are compared with experimental measurements performed when a CO 2 absorption line is probed by a DFB laser emitting in the 2-lm wavelength range.
Theoretical description of PAS in presence of simultaneous IM-FM
Our theoretical description of WM-PAS is based on the analytical formalism developed in the case of WMS, when a Lorentzian absorption line is scanned by a laser diode with combined IM-FM with arbitrary phase shift W [25] . In WM-PAS, the frequency of the detected PA signal needs to correspond to a resonance frequency f res of the PA cell. Therefore, the laser is modulated at frequency f mod = f res /n when the nth harmonic signal is considered. In addition to this modulation (generally performed in the kHz range), the laser wavelength is scanned through the absorption line using a slow current ramp at frequency F.
Using the same terminology as in our WMS model, the laser WM is described by the normalized frequency Laser IM is taken into account by introducing a linear variation with slope p in the incident optical power as a function of the frequency
In this expression, I 0 is the optical power at line centre, whereas slope p describes the laser power variation as a function of the optical frequency (in [1/cm À1 ]). The light absorbed in the cell is given, in the case of a weakly absorbing sample, by
where a(x) is the absorbance of the sample. For Lorentzian lineshape,
where a 0 is the absorbance at line centre. Since WM efficiency of a semiconductor laser depends on modulation frequency, the p coefficient takes a different value for either the sine modulation at angular frequency x = 2pf mod or for the low frequency ramp used to scan the laser line through the absorption feature. Two different coefficients p x and p X are therefore introduced to describe the laser optical power variation [25] . The first one is associated to the modulation frequency x and the second to the low frequency ramp at X = 2pF.
The determination of the PA signal generated at the two first harmonics (1f and 2f signals) follows a similar procedure to the case of WMS, the only difference being that we consider the energy absorbed in the sample instead of the transmitted energy. The in-phase (p) and quadrature (q) PA signals at frequency 1f and 2f are respectively given by 
PA signals of maximum and minimum amplitude are respectively reached for detection phases U n,max and U n,min :
Harmonic PA signals generated for combined IM-FM correspond, except for the sign, to WMS signals. This is quite intuitive as PAS measures the energy absorbed in the sample (I abs ), whereas WMS detects the transmitted energy (I trans = I 0 À I abs ). Additional difference also occurs in the in-phase signal at frequency f (s PA,1p ), for which the background level is zero, whereas an offset appears in the standard WMS case, due to laser residual IM. The background level of WM-PAS signal is zero at each harmonic, as PAS is a zero-background technique.
Experimental results
PAS has been implemented using a DFB laser with emission wavelength corresponding to the R16 line in the m 1 + 2m 2 + m 3 band of CO 2 around 4990 cm À1 . Measurements have been performed at local atmospheric pressure, where the absorption line is well approximated by a Lorentzian lineshape function, as shown in Fig. 1 . Table 1 lists the line parameters experimentally measured and compares them to the values obtained from HITRAN database [31] . A scheme of the experimental set-up is shown in Fig. 2 . The laser is temperature-stabilized and driven by a commercial laser current supply. The laser beam is collimated using an off-axisparabolic mirror (OAP) and is launched into a PA cell operated in its first radial mode around 10.5 kHz. The acoustic resonance is narrow (14 Hz HWHM), which corresponds to a quality factor Q ffi 680, as shown in Fig. 3 . The small width of this resonance requires precise adjustment of the laser modulation frequency. The acoustic signal is detected using an electret microphone (Sennheiser KE 13-227) and is measured using a lock-in amplifier. The PA signal is normalized by the laser power, measured at the PA cell exit using a thermal powermeter. Two different types of laser modulation have been considered for the generation of the PA signal. Firstly, IM has been applied, since this type of modulation is the most frequently used in PAS. IM has been obtained by modulating on and off the laser injection current with a square waveform (from threshold up to the current limit). In that case, pure IM is not exactly achieved, as residual WM also occurs. However, IM is largely dominant in this situation (the IM index M is unitary, M = 1) and it may be considered that IM is essentially obtained in this case. The other type of modulation that was considered is WM. To achieve WM, the laser current was modulated with a sine waveform of reduced amplitude (incomplete modulation in order to have small residual IM). Even if pure WM is not achieved in this case, this modulation is strongly dominant with respect to residual IM. A comparison of the CO 2 PA spectrum measured in the 4990 cm À1 range for the two types of modulation is shown in Fig. 4 . As expected, CO 2 absorption spectrum is directly observed when IM is considered, whereas a derivative of the spectrum is obtained with WM.
Direct observation of WM-induced harmonic PA signal on an oscilloscope (as usually made in standard WMS) requires that the laser modulation frequency is adjusted to f mod = f res /n when the nth harmonic signal is considered. In addition, the frequency F of the slow current scan used to sweep the laser through the analyzed absorption line must be much smaller than the width (HWHM) of the acoustic resonance (F ( Df), in order that the effective detection frequency (f eff = nf mod ± kF, where k describes the principal Fourier components of the current ramp) lies within the acoustic resonance. For our narrow radial resonance, a current ramp at F = 0.95 Hz was experimentally used for the . In each case, the phase of the lock-in detection has been adjusted in order to obtain the signal of maximum (black curves, U n = U n,max ) and minimum amplitude (grey curves, U n = U n,min ). These results validate the relevance of the developed model. However, the residuals increase for higher values of m (m > 2), so that the agreement between experimental and theoretical values becomes slightly worse. This is probably due to the non-linear behavior of the laser optical frequency versus injection current that is observed at large modulation depths.
For small modulation indices (m ( 1), the harmonic PA signals increase and get broader when increasing m. An optimal modulation index is obtained at each harmonic, for which the amplitude of the PA signal reaches its maximum value. For a Lorentzian absorption lineshape, the optimal values are m ffi 2.00 and m ffi 2.20 for 1f and 2f signals, respectively, as already demonstrated for WMS [22] . Above these values, the harmonic PA signal continues to broaden, but its amplitude slowly tends to diminish.
Discussion and conclusion
Analytical expression of harmonic signals generated by WM-PAS has been proposed in the general case of combined WM-IM of a laser diode. This description is based on a previous model we developed for WMS. This model was modified by taking into account the fundamental difference between these two techniques, i.e. in WMS, the optical energy transmitted through the analyzed sample is detected, whereas the absorbed energy is directly measured in WM-PAS. This theoretical model has shown that PA signals generated with combined IM-FM are identical, except for the sign, to those obtained by WMS. However, important difference occurs in the first harmonic signal, which usually presents a large offset value in the case of WMS, whereas offset-free signal is obtained by WM-PAS. This property results from the zero-background nature of PAS. The reported model applies for combined WM-IM with arbitrary phase shift W between the two modulations, which is the real condition when the injection current of a laser diode is modulated. This model considers a Lorentzian absorption line and is therefore suitable for WM-PAS trace-gas detection at atmospheric pressure, for which the Voigt lineshape is well approximated by a Lorentzian function. The harmonic signals calculated from this model have been compared with experimental results obtained by WM-PAS on a CO 2 absorption line using a 2-lm DFB laser. Excellent agreement has been obtained between experimental and calculated signals, which validates the relevance of the developed theoretical model. However, the agreement has shown to be slightly reduced when larger FM indices (m > 2) are used, which probably results from the non-linear behavior of the laser optical frequency versus injection current that is experimentally observed at large modulation depths and that is not taken into account in the model, since only linear dependence is considered.
Finally, the description presented in this paper enables better understanding of the signals generated in WM-PAS and gives useful information to define the optimal laser modulation amplitude in WM-PAS trace-gas detection.
